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[5] Humanization of Monoclonal Antibodies 
By Detlef GCssow and Gerhard Seemann 



Since Kohler and Milstein's breakthrough in hybridoma technology, 1 
monoclonal antibodies (MAbs) have become ever more important tools in 
all fields of biology and medicine. A large panel of diagnostic as well as 
therapeutic MAbs have been developed that are of potential value for in 
vivo diagnosis and therapy in humans. 2,3 Virtually all MAbs are of rodent 
origin and exposure of humans to such heterologous MAbs can severely 
limit their use because of allergic reactions. Immunocompetent individuals 
may develop human anti-mouse immunoglobulin (Ig) antibodies 
(HAMA). 4 ' 5 Human MAbs would obviously eliminate such difficulties but 
the technology to produce them will require considerable refinement be- 
fore it becomes generally applicable. 6 However, standard molecular biol- 
ogy techniques can offer a way out of the dilemma. Working on the level of 
the immunoglobulin genes, we are now able to recombine variable-region 
genes of the heavy or light chains (V H or V L ) with constant-region genes of 
any desired isotype, and, more importantly, we also have the choice be- 
tween constant-region genes of different species. 7,8 Shuffling the variable 
domains between different antibody genes is now ah established technique 
for creating so-called chimeric antibodies where the variable domain is of 
murine origin and the constant region is human. These chimeric MAbs 
usually resemble their parental mouse MAb in specificity as well as affinity 
for the antigen. 9,10 Chimeric MAbs are already more suitable for therapeu- 
tic use in humans. However, the mouse variable region still carries a host of 
immunogenic epitopes and it is likely that chimeric MAbs are still immu- 
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nogenic as it has been shown in a mouse model system with chimeric 
MAbs containing murine V and human constant domains. 11 

Jones et al xl and Riechmann et al. 13 have taken another more subtle 
approach, in order to make a more human form of a rodent MAb. Anti- 
gen-binding sites, composed of the three CDRs (complementarity deter- 
mining regions) of the heavy chain and the three CDRs of the light chain, 
can be taken from a rodent MAb and inserted directly into the framework 
of a human antibody, thus transplanting only the CDRs rather than the 
entire variable domain of a rodent antibody. This is achieved by the use of 
oligonucleotides to replace the CDRs of an appropriate human immuno- 
globulin gene with the CDRs from a rodent MAb with a desired specificity. 
The CDRs or hypervariable regions are unlikely to carry any species-speci- 
fic characteristics, and therefore such a "reshaped" human antibody 
should be indistinguishable from genuine human immunoglobulins. Al- 
though anti-idiotypic antibodies against a reshaped or "humanized" MAb 
can be generated in vivo, the occurrence of such antibodies does not seem 
to be a problem in therapy (H. Waldmann, personal communication, 
1989). 

The general applicability of the antibody-reshaping technique relies on 
two assumptions: (1) the antigen-binding site is fashioned by the CDRs as 
defined by Kabat et a/., 14 no other parts of the variable region taking part in 
binding the antigen; (2) the frameworks of the variable domains serve as a 
scaffold to support the CDRs in a specific way that facilitates antigen 
binding. Subsequently it is of great importance to retain the interactions 
between the donor (rodent) CDRs and the acceptor (human) framework as 
closely as possible to the CDR- framework interactions of the original 
MAb. 

However, the affinity of the first fully reshaped antibody, CAMPATH1, 
was nearly 40-fold lower compared to the original rat MAb. 13 Close in- 
spection of the sequences of the hypervariable loops in the human and rat 
antibodies, in particular at their junctions with the framework regions of 
the V H domain, showed the possible origin of the flaw. A comparison of the 
amino acid sequence in the flanking region of CDR1 (residues 31-35, 
Kabat et al 14 ) showed that the original rat antibody has a phenylalanine at 

11 M. BrOggemann, G. Winter, H. Waldmann, and M. S. Neuberger, / Exp. Med. 170, 2153 
(1989). 

12 P. T. Jones, P. H. Dear, J. Foote, M. S. Neuberger, and G. Winter, Nature (London) 321, 
522(1986). 

13 L. Riechmann, M. Clark, H. Waldmann, and G. Winter, Nature (London) 332, 323 (1988). 

14 E. A. Kabat, T. T. Wu, M. Reid-Miller, H. M. Perry, and K. S. Gottesman, "Sequences of 
Proteins of Immunological Interest," 4th Ed., U.S. Department of Health and Human 
Services, US Washington, D.C, 1987. 
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position 27 (phenylalanine and tyrosine are the most common amino acids 
at this position). Existing structural data of the human myeloma protein 
KOL show that Phe-27 packs against residues 32 and 34 to support 
CDR1. 15 The NEW framework (the human acceptor for the CDR trans- 
plants of the heavy chain) 13 has a serine at position 27 and thus fails to 
support the CDR in the same way as in the original rat antibody. A 
subsequent engineered mutation, serine to phenylalanine at position 27, 
restored the binding affinity of the humanized CAMPATH1 antibody 
close to the original affinity. This example demonstrates that amino acids 
in the framework, in particular those that are located close to the CDRs, 
must be considered. We now routinely compare the sequences of the 
mouse hybridoma and the human target variable sequences with each 
other and their respective family consensus sequences. 

Here we describe the humanization of the murine monoclonal anti- 
body BW431/26, 16 which has binding specificity for carcinoembryonic 
antigen (CEA) and is presently used as a murine MAb for immunoscintig- 
raphy of CEA-producing tumors such as colorectal, breast, and lung carci- 
nomas. 17 

Cloning of Immunoglobulin V-Region Genes 

A prerequisite for the humanization of MAb is knowledge of the nu- 
cleotide sequences of the V-region genes. To date the most elegant way to 
clone and sequence Ig V-region genes has been described by Orlandi and 
colleagues. 18 They used the polymerase chain reaction (PCR) 19 to amplify 
specifically Ig V-region genes and cloned the amplified DNA fragments 
into vectors that allow easy sequencing and expression. To do this they 
identified conserved regions at each end of the nucleotide sequences en- 
coding V domains of mouse Ig heavy (V H ) and light (V L ) chains by 
comparing the frequencies of the most common nucleotides in V H and V L 
gene sequences. 14 Since oligonucleotide primers used in PCR do not need 
to match their target sequence exactly 20 they were able to design oligonu- 

15 M. Marquart, J. Deisenhofer, and R. Huber, J. Mol. Biol 141, 369 (1980). 

16 K. Bosslet, A. Steinstrasser, A. Schwarz, H. P. Harthus, G. Luben, L. Kuhlmann, and H. H. 
Sedlacek, Eur. J. Nucl Med 14, 523 (1988). 

17 R. P. Baum, A. Hertel, M. Lorenz, A. Schwarz, A. Encke, and G. H5r, Nucl Med. 
Commun. 10, 345(1989). 

18 R. Orlandi, D. H. Gussow, P. T. Jones, and G. Winter, Proc. Natl. Acad. ScL U.S.A. 86, 
3833(1989). 

19 R. K. Saiki, S. Scharf, F. Faloona, K. B. Mullis, G. T. Horn, H. A. Erlich, and N. Arnheim, 
Science 230, 1350(1985). 

20 G C. Lee, X. Wu, R. A. Gibbs, R. G. Cook, D. M. Muzny, and C. T. Caskey, Science 239, 
1288(1988). 
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cleotides that map to the 5' and 3' regions of V H and V L genes and contain 
restriction sites for subsequent forced cloning into suitable vectors (Fig. 1 
andRef. 19). 

The amplified V H and V L genes cover the V gene exons only. For 
expression in a mammalian system it is necessary to bring them into 
genomic configuration. The V H and V L genes are force cloned into KS + 
vectors (pBluescript II KS + ; Stratagene, La Jolla, CA) containing the 5' 
region of immunoglobulin heavy and light chain genes, respectively (in- 
cluding promoter, signal exon, and irrelevant V gene exon) as a unique 
Hindlll/BamRl restriction fragment (Fig. 2). The endogenous V gene 
exons contain the same or compatible restriction sites as the amplification 
primers in the appropriate positions and are exchanged for the amplified V 
genes of the hybridoma by forced cloning (see the section, Cloning of V 
Genes). These vectors can be used for nucleotide sequence determination 
of the specific V genes and for forced cloning of the amplified V H and V L 
cassettes into expression vectors that contain Ig constant-region genes, 
using the Hindlll and BamHl restriction sites (Fig. 3). 



Mouse Vh Forward: 

5' TGAGGAGACGGEaAQGGTGGTCCCTTGGCC 3' 
Bst E II 



Mouse Vh Backward: 

5' AGGT(C/G)(C/A)A(G/A1 CTGCAG( G/C)AGTC(T/A1GG 3' 
Pstl 



Mouse Vk Forward: 

5' GTTA^AICICCAGCTTGGTCCC 3' 
Bgl II 



Mouse Vk Backward: 

5' GACATTQA££IGACCCAGTCTCCA 3' 
Pvu II 

Fig. 1. Oligonucleotide primer for the amplification of V H and V K genes. The mouse V H 
backward primer is a mixture of 32 primers. The locations of the restriction sites are 
indicated. 
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iTCCCTTGGCC 3' 



CAG( G/C)AGTC(T/A)GG 3' 



CCC 3' 



TCTCCA 3' 

:>n of V H and V K genes. The mouse V H 
: locations of the restriction sites are 




Hindlll ^ ^ Hindlll 

Fig. 2. Restriction maps and intron/exon organization of the V gene inserts of the KS+ 
plasmids containing a V H (a) or a V L (b) gene. The inserts are flanked by BamHl and Hindm 
restriction sites. Exons are represented by black bars. S, Signal exon; Vh/V k , V gene exons. 
The restriction sites for cloning of the amplified V genes are indicated The Bell restriction 
site in the V K exon is compatible with BglU. 

Preparation of mRNA 

Poly(A) + mRNA is prepared following one of the standard procedures. 
An example is as follows: 

Centrifuge hybridoma cells (825 g\ room temperature; 15 min) 
Discard supernatant 

Resuspend in 100 ml cold phosphate-buffered saline (PBS) (0°) 

Centrifuge (275 g\ room temperature; 10 min) 

Discard supernatant 

Resuspend in 100 ml cold PBS 

Centrifuge as above 

Discard supernatant 

Add 22 ml lysis buffer to the pellet, vortex for 5 sec, incubate on ice 
(5 min) 

Centrifuge nuclei (1630 g\ 4°; 15 min) 

Transfer supernatant to new tube and add 25 ml 2X proteinase K, buffer 
Incubate at 50° for 60 min 

Add 0. 1 vol 5 M NaCl and let cool down to room temperature 
Apply the solution to an oligo(dI>Sepharose column (1-ml) column vol- 
ume equilibrated with binding buffer) 
Wash with 10 ml binding buffer and 15 ml washing buffer 
Elute poly(A) + mRNA with 7.5 ml elution buffer and collect three frac- 
tions of 2.5 ml 

Add 0. 1 vol of 3 M sodium acetate and 2.5 vol ethanol to each fraction 
Store at -20° 





Fig. 3. Restriction maps and intron/exon organization of the expression vectors contain- 
ing the human (a) heavy (IgG 3 ) and (b) light chain (k) constant-region genes. The intrinsic V 
genes are exchanged for the hybridoma V genes using the HindlU and BamHl restriction 
sites. Exons are represented by black bars. S, Signal exon; Vh/V k , V gene exons; ChI, C h 2, 
C H 3, and C K , constant-domain exons; HI, H2, H3, and H4, hinge region exons. 

The average yield is approximately 40 fig of poly(A) + mRNA per 1 X 10 8 
hybridoma cells. 

Lysis buffer: 0.14 M NaCl, 2.0 mM MgCl 2 , 10.0 mM Tris, pH 8.6, 0.5% 

Nonidet P-40 (NP-40) 
Proteinase K buffer (2X): 200 mM Tris, pH 7.4, 300 mM NaQ, 25 mM 
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f poly(A) + mRNA per 1 X 10 8 

, 10.0 mMTris, pH 8.6, 0.5% 
H 7.4, 300 mMNaCl, 25 mM 



ethylenediaminetetraacetic acid (EDTA), 2% sodium dodecyl sulfate 
(SDS), 2 mg/ml proteinase K 
Binding buffer: 0.5 MNaCl, 10.0 mMTris, pH 7.8, 5.0 mM EDTA, 0.5% 
SDS 

Washing buffer: 0.15 M NaCl, 10.0 mM Tris, pH 7.8, 5.0 mM EDTA, 
0.5% SDS 

Elution buffer: No NaCl, 10.0 mM Tris, pH 7.8, 5.0 mM EDTA, 0.5% 
SDS 

Amplification and Cloning of V Genes 

Amplification of the V genes can be performed either by synthesis of 
first-strand cDNA followed by polymerase chain reaction (PCR) or by 
PCR directly from the poly(A) + mRNA. 21 

First-Strand cDNA Synthesis, Mix in the following order: 



10.0 fil 
2.5 fil 
3.0 //l 
5.0 ^1 
5.0 fil 

to 47.0 fil 



3.0 fil 



Reverse transcriptase buffer (5X) 
Dithiothreitol (DTT) (0.1 M) 
Human placental ribonuclease inhibitor (50 U/ul) 
dNTPs(lOmM) 
Primer (10 pM/fil) 
Poly(A) + mRNA (5-10 fig) 
ddH 2 0 

Mix gently and centrifuge for a few seconds, then add 

Reverse transcriptase (25 U//d) 

Incubate at 42° for 1 hr. 
PCR Reaction from cDNA 

H 2 0: 29.5 fil 

dNTPs(2.5 mM): 5.0 //l 

PCR buffer (10X): 5.0 fil 

Oligonucleotide primers (5 pM//d): 5.0 fil 

Taq polymerase (The Perkin- 0.5 fil 
Elmer Corp., Emmeryville, CA) 

(2.5U///l) 2Ia 0.5 fil 

At this point the reaction mix can be treated for 5 min with UV light 
(254 or 300 nm) to avoid contamination (for example, with previously 
amplified DNA). 

21 W. T. Tse and B. G. Forget, Gene 88, 293 (1990). 

21a In case of the V H primers the Taq polymerase was added to the reaction mixture after the 
first denaturation and annealing steps to avoid primer dimer formation. 
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Add 5.0 fil of first-strand cDNA synthesis reaction and seal the surface 
of the reaction mixture with a drop of paraffin oil. Amplify for 30 to 50 
cycles. The standard programs we use are the following: 94°, 1 min- 52° 
(for V K , V A ) or 57° (for V H ), 1 min; 72° for 2 min. 

Analyze 5 fil of the reaction mixture on a 2% agarose gel. 

PCR Reaction from mRNA. For PCR for mRNA resuspend 1 -5 pig of 
poly(A) + mRNA in 50 fil PCR reaction mix and proceed as described 
above for the PCR from cDNA. 

If the amplification reactions are unsuccessful under these conditions, 
the addition of 5.0 fil Perfect Match (Stratagene) and a modification of the 
annealing and extention conditions as well as MgCl 2 concentrations may 
improve the results. 

Cloning of V Genes 

If the amplification is successful, the remaining 45 fil of the reaction 
mixture is purified with Geneclean (BIO 101, Inc., La Jolla, CA). The 
purified amplification products (in 20 fil doubly distilled H 2 0) are treated 
as follows: 10 /d is double digested with Pstl/BstEll for the V H gene or 
PvuU/Bglll for the V L gene. The digested samples are analysed on a 2% 
TAE agarose gel with 3 fil of undigested amplification product as control. 
The residual amplification product is stored at -20° as the template for 
the synthesis of additional material, if required. 

The vectors for cloning the amplified V genes have been constructed by 
isolation of the Hindm/BamHl inserts of the M13 VHPCR and Ml 3 
VKPCR vectors described in Orlandi et al x% into KS + plasmids. Two 
internal PvuII sites were removed from the KS + plasmid backbone prior to 
the construction of the KS + VKPCR vector (C. Weber, unpublished data, 
1990). 

These KS+ vectors (KS+ VHPCR and KS+ VKPCR) are digested with 
Pstl and BstEU (V H ) or Pvull and Bell (V L ), respectively, and the vector 
fragment is purified on a 0.8% agarose gel. 

Note: The KS + VKPCR vector was prepared in Escherichia coli JM1 10 
( ATCC No. 470 1 3) to avoid dam methylation of the Bell site. 

From the resulting colonies DNA minipreparations are performed and 
the size of the inserts is analyzed by a HindHl/BamHl digestion. Clones 
containing inserts of the correct size (approximately 800 bp for V H and 650 
bp for V L ) are sequenced 22 using primers based 3' of the CDR3 regions of 
the V genes (Fig. 4). 

Since hybridoma cells may produce more than one heavy or light chain 
and can contain additional nonfunctional mRNAs it is advisable to clone 
the isolated V genes into appropriate expression vectors containing Ig C H 

22 F. Sanger, S. Nicklen, and A. R. Coulson, Proc. Natl Acad. Sci. USA. 74, 5463 (1977). 
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Vk/Vu 5' GGA TCC AAC TGA GGA AGC 3' 

VH: 5' TGT CCC TAG TCC TTC ATG ACC T 3' 
Fig. 4. Oligonucleotides for sequencing of the cloned V genes. 

and C L genes and express them in eukaryotic cells (see section entitled 
"Expression of Humanized MAb"). The resulting chimeric Ig molecules 
contain the complete mouse V domains and should have the identical 
antigen-binding properties as the original mouse MAb, if the right pair of 
V H and V L genes has been amplified and cloned. 

Reverse transcriptase buffer (5X): 250 mMTris, pH 8.3, 30 mM MgCl 2 , 
500 mM NaCl 

PCR buffer (10X): 100 mM Tris, pH 8.3, 500 mM KC1, 15 mM MgCl 2 , 

0.1% (w/v) gelatin 
TAE buffer (50 X): 2 M Tris base, 1 M acetic acid, 50 mM EDTA 
The solutions are autoclaved before use, distributed in 0.5-ml aliquots, and 
stored at -20°. 

Design of Oligonucleotides for Mutagenesis 

After determination of the nucleotide sequences of the hybridoma V 
genes (Fig. 5) they are translated into the corresponding amino acid se- 
quences and compared to the consensus sequences of the murine Ig heavy 
and light chain V gene families to identify their families of origin (Fig. 6). 

Comparison of the translated BW431/26 V H sequence with the mouse 
VH consensus sequences marks it as a member of family IA. Likewise 
BW43 1 /26 V L is identified as a member of family VI of the k light chains. 

For designing the reshaped V regions, it is necessary to identify amino 
acid residues that are not conserved or only semiconserved in the frame- 
work regions of the human and mouse antibodies in question. Framework 
regions that are not conserved between human and mouse antibodies, but 
which might help to shape the CDRs or which might interact directly with 
the antigen, have to be identified. Unusual amino acid replacements are 
changes from hydrophilic to hydrophobic, large to small, or change in 
electrostatic charge. The following amino acid exchanges are considered as 
conserved replacements and are excluded from the computer inspection: 
F-Y,L-M,V-I,Q-H,D-E,R-K,W-R,N-D,G-A,S-T,Q-D/E, 
H - R/N, I - L/M, L - F/V, and V - L/M. The framework and CDR regions 
are defined by Kabat et al as shown in Fig. 7. 

The decision whether framework exchanges must be introduced in 
addition to the CDR grafting is then made by inspection of the location of 
the identified amino acid residues in the acceptor V H or V K three- 
dimensional structure. 



a 

10 30 50 

LQESGPDLVKPSQSLSLTCT 
ctgcaggagtcaggacctgacctggtgaaaccttctcagtcactttcactcacctgcact 

70 90 110 

VTGYSITSGYSWHWI RQF.PG 
c£cactggctac±ccatcacc^^ 

130 150 170 

NKLEWMGYIQYSGITNYNPS 
aacaaactggaatggatgggc^CATACAGT^^ 

190 210 230 

LKSRISITRDTSKNQFFLQL 
CICAMAGTcgaatctctatcactcgagacacatccaagaaccagttcttcx± 

250 270 290 

NSVTTEDTATYYCAREDYDY 
aattcagtgactactgaggacacagccacatattactgtgcaagaGAAGACTATGATTAC 

310 330 350 

HWYFDVWGAGTTVTVSS 
CACTGGTACTTCGATGTCtggggcgcagggaccacgg^ 

b 

10 30 50 

QLTQSPAIMSASLGEEITLT 
cagctgacccagtc^ccagcaatcatgtctgcatctctaggggaggagatcaccctaacc 

70 90 110 

CSTSSSVSYMHWYQQKSGTS 
tgcAGTACCAGCTOGAGTCT 

130 150 170 

PKLLIYSTSNLASGVPSRFS 
cccaaactcttgatttatAGCACATOC^ 

190 210 230 

GSGSG TFYSLT ISSVEAEDA 
ggcagtgggtctgggaccttttattrtctcacaatcagcagtgtggaggctgaagatgct 

250 270 290 

ADYYCHQWS SYPTFGGGTKL 
gccgattattac^gcCATCAGTCGAGTAGT^ 



E I 
gagatca 

Fig. 5. Nucleotide sequences of the murine BW431/26 (a) V H and (b) V K genes. The 
sequences start with the PstljPvull restriction sites and continue to the end of the V exon. 
CDR sequences are typed in capital letters. The amino acid sequences are given in the 
single-letter code on top of the first base of the triplets. 



50 

;QSLSLTCT 
.ctcagtcactttcactcacctgcact 

110 

JHWIRQFPG 
X3QCACtggatccggcagtttccagga 

170 

3GITNYNPS 
^GTGGTATCACTAACTACAACOCCICT 

230 

3KNQFFLQL 
cccaagaaccagttcttcctgcagttg 

290 

¥CAREDYDY 
tactgtgcaagaGAAGACTATQVTTAC 

350 

T V T V S S 
acggtcaccgtctcctca 



50 

SLGEEITLT 
atctctaggggaggagatcaccctaacc 

110 

WYQQKSGTS 
Ctggtaccagcagaagtcaggcacttct 

170 

ASGVPSRFS 
X3GCTTCrggagtcccttctcgcttcagt 

230 

ISSVEAEDA 
^tatcagcagtgtggaggctgaagatgct 

290 

PTFGGG TKL 
\TOOCACGttcggaggggggaccaagctg 



; BW431/26 (a) V„ and (b) V K genes. The 
ites and continue to the end of the V exon. 
"he amino acid sequences are given in the 
iplets. 
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A three-step comparison of the framework amino acid residues consists 
of (1) the donor (mouse) antibody V region with its own V region family 
consensus sequence, (2) the acceptor (human) antibody V region with its 
own V region family, and (3) the mouse and human families, which should 
allow the differences to be dissected in a systematic way, identifying those 
differences peculiar to the individual antibodies or their entire families. 

Heavy Chain V H 

Step 1. The sequence of the (mouse) donor is compared with the 
consensus sequence for its own family of V H genes (Fig. 8). 

Step 2. The sequence of the (human) acceptor is compared with the 
consensus sequence for its own family of V H genes (human V H II; 
HuVH.CON2 in Fig. 9). 

Step 3. The consensus sequences of the donor (mouse) and acceptor 
(human) V H families are compared (Fig. 10). 

Light Chain V K 

Step 1. The sequence of the (mouse) donor is compared with the 
consensus sequence of its own V K family (MOVK VI) (Fig. 1 1). 
' Step 2. The sequence of the (human) acceptor is compared with the 
consensus of its own V K family. The human REI V K sequence is based on 
Ref. 1 3. REI is a member of the human V K family I (HuVKCON SUB 1 in 
Fig. 12). 

Step 5. The consensus sequences of the acceptor (human) and donor 
(mouse) V K families are compared (Fig. 13). 

All unusual amino acid replacements that occur outside the CDRs, as 
defined by Kabat et al., 14 are marked and the positions at which replace- 
ments occur are inspected by computer graphics (Evans & Sutherland 
Corp., Salt Lake City, UT; Frodo 23 ) using as a basis the X-ray structures of 
NEW 24 and REI. 25 All positions in question are highlighted with a 200% 
van der Waals radius, to see whether the amino acid residue at a certain 
position is close to; or actually makes contact with, any of the amino acids 
composing the CDRs. In such a case an amino acid replacement in the 
framework of the human V H or V K region must be considered. 

23 T. A. Jones, in "Computational Crystallography" (D. Sayre, ed.), p. 303. Oxford Univ. 
Press (Clarendon), London and New York, 1982. 

24 R. J. Poljak, L. M. Amzel, H. P. Avey, B. L. Chen, R. P. Phizackerley, and F. Saul, Proc. 
Natl Acad, ScL USA. 70, 3305 (1973). 

25 O. Epp, P. Colman, H. Fehlhammer, W. Bode, M. Schiffer and R. Huber, and W. Palm, 
Eur. J. Biochem. 45, 513 (1974). 
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a 

1 MOVH IA.CON 

2 MOVH IB. CON 

3 MOVH IIA.CON 

4 MOVH IIB.CON 

5 MOVH IIC. CON 

6 MOVH IIIA.CON 

7 MOVH IIIB.CON 

8 MOVH IIIC. CON 

10 MOVH VA.CON 

11 MOVH VB.CON 

CONSENSUS 



10 20 30 40 50 
EVQLQESGPSLVKPSQTLSLTCSVTGDSITSDYWNXXWIRQFPGNKLEWM 
OVQIj^SGPGLVAPSQSI^ITCWSGFSLTSYG\^SWVRQPPGKGnnX 
E^QIOQSGPELVKPGASVKMSCKASGYTFTDYYMKXXWVKQS HGKSLEWI 
OVOJLOX2PGAELVKPGAS\^a>SCKASGYTFTSYWMHXX 
EVQLO^SGAELVKPGASVKLSCTASGFNIKDTTfMHXXWV^ 
EVKLVESGGGLVO^GGSIJtt<SCATSGFTFSDFYMEXXWVRO^PGKM 
EVKU^SGGGLVOJ>GGSLK]^aVASGFnFSRYW^^ 
EVYLEESGGGLVO^GGSMn*SCVASGFTFSNYWMNXXWVRQSPEYGLEW 
EVOJOQSGAELVRAGSSVKMSCKASGYTFTSYGINXXWVKQRPGQG^ 
E\^LQQSGAELVKAGSSVKMSCSATGYTFSSYGLYXXWV^ 
-V-L G — L C G W L 



1 MOVH IA.CON 

2 MOVH IB. CON 

3 MOVH IIA.CON 

4 MOVH IIB.CON 

5 MOVH IIC. CON 

6 MOVH IIIA.CON 

7 MOVH IIIB.CON 

8 MOVH IIIC. CON 

10 MOVH VA.CON 

11 MOVH VB.CON 

CONSENSUS 



60 70 80 90 100 

GYISNXXYSGSTYYNPSLYSRISITRDTSKNQFFLOJiNSVTTEDTATYYC 
GVIWXXXAGGSTNYNSAIWSRI£ISKDNSKS03^^ 
GDINPXXNNGGTSYNQKFKGI^TLTVDKSSSTAYMQLNSLTSEDSAVYYC 
GRIDPXXNSGGTKYNEKFKSKATLTVDKSSSTAYMOJ.SSLTSEDSAVYYC 
GPxIDPXXANGNTKYDPKFQGKATITADTSSNTAYLQLSSLTSEDTAVYYC 
AASPNKANDYTTEYSAS\/KGI^IVSBDTSQS ILYLO>1NAIiRAEDTAI YYC 
GEINPKADSSTINYTPSLYDYFI ISRDNAKNTLYLQMSYVRSEDTALYYC 
AEIRLYSHNYATHYAESVYGP^ISRDDSYSSVYLC>4NNIJ^AEDTGIYYC 
GYINPXXGNGYTKYNEKFKGKTTLTVDKSSSTAYMQLRSLTSEDSAVYFC 
GYI SSXXSSAYPNYAQKFQGRVTITADESTNTAYMELSSLRSEDTAVYFC 



1 MOVH IA.CON 

2 MOVH IB. CON 

3 MOVH IIA.CON 

4 MOVH IIB.CON 

5 MOVH IIC. CON 

6 MOVH IIIA.CON 

7 MOVH IIIB.CON 

8 MOVH IIIC. CON 

10 MOVH VA.CON 

11 MOVH VB.CON 

CONSENSUS 



110 120 130 
ARLYGYYRGDEEDYYAMAFDYWGQGTTXTVSS 
ARDRGVXRYDPDKYFTLWFDYWGQGTLVTVSS 
ARDYYWYFXXXXXXXYYWFDYWGQGTTVTVSS 
ARYXYYGS S SXGYXXYXYFDYWGQGTTLTVSS 
ARGYXXYDXXXXXXXYYAMDYWGQGTSVTVSS 
ARD YYGS SXTFGXXXYWYFDVWGAGTTVTVSS 
ARLGYYGYFGSSXXXYWXXAYWGQGTTVTVSS 
TTGFVPXXXXXXXXXXXXXAYWGQGTLVTVSS 
ARSNYYGGSYYTFXXXXXFDYWGQGTTLTVSS 
AVRVI SRYFXXXXXXXXXXDGWGQGTLV 
WG-GT — TVSS 



140 



150 



Fig. 6. Consensus sequences of the murine (a) V H and (b) V K gene families are listed in the 
single-letter code. The amino acid positions that are conserved among all VhT^k gene 
families are outlined in the bottom lines. 



riGENS [5] 

30 40 50 
/TGDSITSDYWNXXWIRQFPGNKLEWM 
/SGFSLTSYGVHXSWVPQPPGKGLGTL 
\SGYTFTD YYMKXXWVKQS HGKSLEWI 
\SGYTFTSYWMHXXWVKQRPGQGLEWI 
ASGFNIKD7YMHXXWVKQRPEQGLEWI 
TSGFTFSDFYMEXXWVFQPPGKRLEWI 
ASGFDFSRYWMSXXWVRQAPGKGLEWI 
ASGFTFSNYWMNXXMVFQSPEYGLEWV 
ASGYTFTSYGINXXWVKQRPGQGLEWI 
ATGYTFSSYGLYXXWVPQAPGQGLEXX 
— G -W L~ 

80 90 100 
IITRDTSKNQFFLQIIISVTTEDTATYYC 
ilSKDNSKSQVrtXKMNSLQTDDTAMlfyC 
rLTVDKSSSTAYMQLNSLTSEDSAVYYC 
rLTVDKS S STAYMQLS SLTSED SAVYYC 
riTADTSSNTAYLQLSSLTSEDTAVYYC 
rVSPDTSQSILYLQMNALRAEDTAIYYC 
I I SRDNAKNTLYLCtfSYVRSEDTALYYC 
TISFDDSYSSVYLQKNNLFAEDTGIYYC 
1XTVDKSSSTAYMQLRSLTSEDSAVYFC 
TITADESTNTAYMELSSLRSEDTAVYFC 
D D Y-C 

130 140 150 

fGQGTTXTVSS 
KjQGTLVTVSS 
fGQGTTVTVSS 
H3QGTTLTVSS 
rcQGTSVTVSS 
fGAGTTVTVSS 
fGQGTTVTVSS 
ffGQGTLVTVSS 
WGQGTTLTVSS 
WGQGTLV 
WG-GT — TVSS 

4 and (b) V K gene families are listed in the 
are conserved among all Vh/V k gene 
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10 20 30 40 50 
DIVMTQSPSSIAVSAGEK\n^SCTASESLYSSKHKVHYLAWYQKKPEQS 
DVVNTD^TPLSLPVSIXDQASISCRSSQSLVHSXNGNTYIJWYLQKPGG 
D IVLTQSP ASLAVSLGQRATI SCPASESVDXXXYGNSFMHWYQQKPGQPP 
EXVLTQSPAIMAASPGEKVTim^ASSSXXXXXVSSSYLHWYQQKPGASP 
DI^QSPSSLSASI^DRVTITCPASQXXXXXXDISNYLNWYQQKPGGTP 
QIVLTQSPAIMSASPGEKVTMTCSASSXXXXXXXSVSYMHWYQQKSGTSP 
D IQLTQSPP SLTVSVGERVTI SCKSNQNLLWSGNRRYCLGWHQWKPGQTP 
TQ-P S-G C W K P 

60 70 80 90 100 

1 MOVK I. CON KLLIYGASNRYIGVPDRFTGSGSGTDFTLTISSVQVEDLTHYYCAQFYSY 

2 MOVK 1 1. CON KIXIYKVSNRFSGVPDRFSGSGSGTDF1XKISRVEAEDLGVYYCFQGTHV 

3 MOVK III. CON KliIYAASNI£SGVPARFSGSGSGTDFTLNIHPVEEDDAATYYCQQSNED . 

4 MOVK IV. CON KLXIYXTSNIJVSGWARFSGSGSGTSYSLTISSXEAEDDATYYCQOWSGY 

5 MOVK V.CON KLLI YYASRLHSGVP SRF SGSGSGTDYSLTI SSLEZED IATYFCQQGNSL 

6 MOVK VI. CON KRWIYDTSKLASGVPARFSGSGSGTSYSLTISSMEAEDAATYYCQOWSSN 

7 MOVK. MB R TPLITWTSDRFSGWDRFIGSGSVTDFTLTISSVQAEDVAVYFCQQHLDL 
CONSENSUS 1 S GVP-RF-GSGS-T L-I D Y-C-Q 



b 

1 MOVK I. CON 

2 MOVK II. CON 

3 MOVK III. CON 

4 MOVK IV. CON 

5 MOVK V.CON 

6 MOVK VI. CON 

7 MOVK. MB R 

CONSENSUS 



110 120 130 140 150 



1 


MOVK 


I. CON 


PXXXXXXLTFGAGTKLELYRX 


2 


MOVK 


II. CON 


PXXXXXXYTF GGGTKLE I KRA 


3 


MOVK 


I II. CON 


PXXXXXXXTFGGGTKLE I KRA 


4 


MOVK 


IV. CON 


PFXXXXXXTFGXGTKLEIKRX 


5 


MOVK 


V.CON 


PXXXXXXRTF GGGTKLE I XKRA 


6 


MOVK 


VI. CON 


P PMXXXXLTFGAGTKLELKRX 


7 


MOVK 


. MBR 


PXXXXXXYTF GGGTKLE I 



CONSENSUS P TFG-GTKLE A 

Fig. 6b. 





v H 


v K 


FR 1 


1 -30 


1 -23 


CDR1 


31-35 


24-34 


FR2 


36-49 


35-49 


CDR2 


50-65 


50-56 


FR3 


66-94 


57-88 


CDR3 


95-102 


89-97 


FR4 


103-113 


98-107 



Fig. 7. Definition of CDR regions according to Kabat et al. u 
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10 20 30 35ab 40 

MOVH IA EVQLQE SGP SLVKP SQTLSLTCSVTGD S I TS D YWNXXWI RQFPGNKLEWM 

BW4 31 /26VH QVQLQESGPDLVKPSQSLSLTCTVTGYS I TSGYSWH-WI RQFPGNKLEWM 
* * * * * 

52abc 60 70 80 abc 90 

MOVH IA GYISNXXYSGSTYYNPSLYSRISITRDTSKNQFFLQLNSVTTEDTATYYC 
BW4 31 /2 6VH GYI YSGITNYNPSLKSRISITRDTSKNQFFLQLNSVTTEDTATYYC 



lOOabcdefghijk 110 
MOVH IA ARLYGYYRGDE EDYYAMAFD YWGQGTTXTVSS 

BW431/26VH AR EDYDYHWFDVWGAGTTVTVSS 

* 

Fig. 8. Comparison of BW43I/26 V H sequence with the mouse V H IA (MOVH IA) 
consensus sequence. Relevant framework differences are marked with an asterisk. The differ- 
ences are as follows: EQ1, SD10, TS17, ST23, DY27, QA105. X represents amino acids that . 
are variable in the consensus sequence. These are not considered as exchanges. Dashes in the 
BW431/26 sequence are introduced to accommodate for the variable length of the CDRs. 



In the case of the BW431/26 antibody, for V H the exchange of a 
phenylalanine for a serine at position 27, and that of an isoleucine for a 
phenylalanine at position 29 in the NEW V H gene have been considered as 
additional framework exchanges. With the exchange of the amino acid at 
position 27 from serine to phenylalanine we followed Riechmann's strat- 
egy for the humanization of the CAMPATH 1 antibody. 13 Phe-27 is 
present in most human V H domains and may play an important role in 
positioning CDR1. Since Phe-27 is changed to serine in the NEW V H 
domain it seems necessary to introduce Phe-27 into the humanized V H . 

Phe-29 of NEW in the immediate vicinity of CDR1 contains an aro- 



HuVH.NEW 
HuVH . CON2 



10 20 30 35ab 40 

QVQU2ESGPGLVRPSQTLSLTCTVSGSTFSDYYSTXXWVRQPPGRGLEWI 
XVTLRESGPXLVKPTETLTLTCTVSGFSLSTXGMXVGWIRQPPGKXLEWL 



HuVH. NEW 
HuVH.CON2 



52abc 60 70 82abc 90 

GYWYHGTSDTDTPLRSXXXRV*TMLVDTS KNQFSLRLSSVTAADTAVYYC 
ARINXXXWDDDKYYSTSI^RLTISYDTSKNOVVIJQQOQCDPXDTATYYC 



lOOabcdefghijk 110 
HuVH. NEW ARNLIAGCIXXXXXXXXXXDVWGQGSLVTVSS 
HuVH . CON2 ARRXPRXXXGDXGXYXXAFDVWGQGTTVTVSS 



Fig. 9. Comparison of the NEW V H sequence with the human V H II (HuVH.CON2) 
family consensus sequence. The NEW V H sequence is based on Ref. 13. Framework differ- 
ences are marked with an asterisk. The differences are as follows: QT3, QR5, SF27, FL29, 
DT31, YR50, FN52, TW53, SD54, DK57, TY58, PY59, LS60, RT61, VL67, LS70, VY71, 
FV78, SV79, TD83, AP84, VT89, NR95, IP97, AR98, LT109. 



ANTIGENS 
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30 35ab 40 
VTGDSITSDYWNXXWIRQFPGNKLEWM 
VTGYSITSGYSWH-WIRQFPGNKLEWM 
* 

70 80 abc 90 

ITRDTSKNQFFLQLNSVTTEDTATYYC 

.ITRDTSKNQFFLQLNSVTTEDTATYYC 



110 
iQGTTXTVSS 
1AGTTVTVSS 

ice with the mouse V H IA (MOVH IA) 
es are marked with an asterisk. The differ- 
27, QA105. X represents amino acids that 
Lot considered as exchanges. Dashes in the 
ite for the variable length of the CDRs. 



x>dy, for V H the exchange of a 
7, and that of an isoleucine for a 
f V H gene have been considered as 
he exchange of the amino acid at 
e we followed Riechmann's strat- 
1PATH 1 antibody. 13 Phe-27 is 
d may play an important role in 
inged to serine in the NEW V H 
?he-27 into the humanized V H . 
icinity of CDR1 contains an aro- 



30 35ab 40 
TVSGSTFSDYYSTXXWVRQPPGRGLEWI 
TVSGFSLSTXGMXVGWIRQPPGKXLEWL 



70 82abc 90 

TMLVDTSKNQFSLRLSSVTAADTAVYYC 
TISYDTSKNQWLXXXXXDPXDTATYYC 



110 
GQGSLVTVSS 
GQGTTVTVSS 
★ 

* with the human V H II (HuVH.CON2) 
ice is based on Ref. 13. Framework differ- 
is are as follows: QT3, QR5, SF27, FL29, 
, PY59, LS60, RT61, VL67, LS70, VY71, 
R98, LT109. 
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10 20 30 35ab 40 

-VTLRESGPXLVYPTETLTLTCTVSGFSLSTXQ^XVGWIRQPPGKXLF>TL 
EVQLQE SGP SLVKPSQTLSLTCSVTGDS I TSDYWNXXWI RQFPGNKLEWM 



HuVH II 
MOVH IA 



HuVH II 
MOVH IA 



HuVH II 
MOVH IA 



52abc 60 70 80 abc 90 

ARINXXXWDDDKYYSTSLRSRLTISYDTSKNQWLXXXXXDPXDTATYYC 
GYISNXXYSGSTYYNPSLYSRISITRDTSKNQFFLQI^SVTTEDTATTYC 



lOOabcdefghijk 110 
ARRXPRXXXGDXGXYXXAFDVWGQGTTVTVSS 
ARLYGYYRGDEEDYYAMAFDYWGQGTTXTVSS 



Fto. 10. Comparison of the acceptor (human V H II; HuVH II) and the donor mouse V H 
IA; MOVH IA) consensus sequences. Relevant differences in the framework regions are 
marked with an asterisk. Differences between donor and acceptor consensus sequences are as 
Mows: DEL El, TQ3, RQ5, YK13, EQ16, FD27, PF40, KN43, YR71, VF78, VF79, XQ81, 
XS82C, XV83, DT84, PT85, XE86, RL95, XY96 (X = T, C, V, P, Q, H, R, L, N), PG97, 
RY98, XY99 (X = P, Q, V, R, M, T, G), DE100C, XE100D (X = Y, L, M, G, V), GD100E, 
XA100H (X - N, S, D, Y), XM100I (X - S, D, G), VY102. 



10 20 27abcdef 30 40 

MOVK VI QIVLTQSPAIMSASPGEKVmrCSASSXXXXXXXSVSYMHWYQQKSGTSP 

BW431/26VK AILSASPGEKVTMTCRASSXXXXXXXSVSYMHWYQQKPGSSP 

* 

50 60 70 80 90 

MOVK VI KRWIYDTSKLASGVPARFSGSGSGTSYSLTISSMEAEDAATYYCOjOWSSN 
BW4 31 / 2 6VK KPWI YATSNLASGVPARFSGSGSGTS YSLTI IKVEAEDAATYYCOjQWSSN 
* ** 

95abcdef 100 106a 
MOVK VI PPMXXXXLTFGAGTKLELXKRX 
BW431/26VK PXXXXXXLTFGAGTKLE I X 

Fig. 11. Comparison of the 431/26 V K sequence with the mouse V K VI (MOVK VI) 
family consensus sequence. The relevant differences in the framework regions are marked 
with an asterisk. The differences are as follows: SP40, RP46, SI76, SR77. 



HuVKCON SUB1 
HuVK RE I 



HuVKCON SUB1 
HuVK RE I 



HUVKCON SUB1 
HuVK REI 



10 20 27abcdef 30 40 
DIOKTQSPSSLSASVGDRVTITCRASQSVXXSXDISSYLNWYQQKPGKAP 
DIQMTQSPSSLSASVGDRVTITCQASQ DISDYLNWYQQKPGKAP 



50 60 70 80 90 

KLLIYXASSLESGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQYNSL 
KIJilYEASNLQAGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYQSL 



95abcdef 100 106a 
PXXYDXXYTFGOGTKVEIXKRT 
p YTFGQGTKVEI -KR- 



Fig. 12. Comparison of the human acceptor sequence REI with the consensus sequence of 
the human V K I family (HuVKCON SUB1). The relevant framework difference is marked 
with an asterisk; the difference is FI83. 
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10 20 27abcdef 30 40 

HuVKCON SUB1 DIO^TQSPSSLSASVGDRVTITCRASQSVXXSXDISSYLNWYQQKPGKAP 
MOVK VI QIVLTQSPAIMSASPGEKVmrCSASSXXXXXXXSVSYMHWyQQKSGTSP 



50 60 70 80 90 

HuVKCON SUB1 KLLI YXAS SLESGVPSRF SGSGSGTDFTLT I S SI£PEDF ATYYCQQYNSL 
MOVK VI KRWIYDTSKIASGVPAPFSGSGSGTSYSLTISSMElAEDAATYYCOjQWSSN 



95abcdef 100 106a 
HuVKCON SUB1 PXXYDXXYTFGQGTKVEIXKRT 
MOVK VI PPMXXXXLTFGAGTKLELXKRX 
* 

Fig. 1 3. Comparison of the consensus sequences of the acceptor (HuVKCON SUB1) and 
donor (MOVK VI) V K families. Relevant differences in the framework regions are marked 
with an asterisk. The differences are as follows: QV3, SA9, SI10, VP15, PS41, KT43, AS44, 
LR47, LW48, SA60, DS70, PA80, FA83, QA100. 

matic ring and is larger than Ile-29 of BW431/26. Therefore it might 
interact with CDR1 side chains in a different way than does Ile-29, so we 
decided to use Ile-29 in the humanized MAb. For the light chain no 
additional exchanges were necessary. 

On the basis of these data the oligonucleotides for the mutagenesis of 
the human V genes were designed. The oligonucleotides span the CDR 
coding region, including additional exchanges in the adjacent frameworks, 
and at their 5' and 3' regions they contain 12 bp that is complementary to 
the flanking framework regions of the human V genes. The CDR1 oligo- 
nucleotide for the light chain had to be placed differently (Fig. 14). 

For the VK CDR1 oligonucleotide the overlap with the frameworks at 
its 3' and 5' ends had to be shortened to 9 b. The full-length (12-b overlap) 
oligonucleotide exhibited cross-hybridization with framework three se- 
quences and this gave rise to misincorporation during mutagenesis. 



Mutagenesis of Human V Genes 

The mouse CDRs are placed into the human frameworks by oligonu- 
cleotide-directed mutagenesis. The mutagenesis of the human V genes can 
be performed with any mutagenesis system available. We use the gapped 
duplex (gd) DNA method and the pMa/c phasmid vectors described by 
Stanssens and colleagues. 26 The gapped duplex method routinely yields a 

26 P. Stanssens, C. Opsomer, Y. M. McKeown, W. Kramer, M. Zabeau, and H.-J. Fritz, 
Nucleic Acids Res. 17, 4441 (1989). 
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3 27abcdef 30 40 

riTCPASQSVXXSXDISSYLNWYQQKPGKAP 

rerrCSASSXXXXXXXSVSYMHWYQQKSGTSP 



70 80 90 

GSGSGTDFTLTISSLQPEDFATYYCQQYNSL 
GSGSGTSYSLTI SSMEAEDAATYYCQQWSSN 
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VK - CPR1 

5' CTG GTA CCA GTG CAT GTA ACT TAC ACT CGA GCT GGT 
ACT ACA GGT GAT 3' 



VK - CDR2 

5' GCT TGG CAC ACC AGA AGC CAG GTT GGA TGT GCT GTA GAT 

CAG CAG 3' 



:krt 
aooc 



nces of the acceptor (HuVKCON SUB1) and 
rences in the framework regions are marked 
QV3, SA9, SI10, VP15, PS41, KT43, AS44, 

to. 

of BW431/26. Therefore it might 
liferent way than does fle-29, so we 
dzed MAb. For the light chain no 

lonucleotides for the mutagenesis of 
rhe oligonucleotides span the CDR 
changes in the adjacent frameworks, 
itain 12 bp that is complementary to 
e human V genes. The CDR1 oligo- 
>e placed differently (Fig. 14). 
e the overlap with the frameworks at 
to 9 b. The full-length (12-b overlap) 
idization with framework three se- 
rporation during mutagenesis. 



) the human frameworks by oligonu- 
mtagenesis of the human V genes can 
system available. We use the gapped 
pMa/c phasmid vectors described by 
3ed duplex, method routinely yields a 

vn, W. Kramer, M. Zabeau, and H.-J. Fritz, 



VK - CDR3 

5' CCC TTG GCC GAA CGT GGG ATA ACT ACT CCA CTG ATG GCA 

GTA GTA GGT 3* 



VH - CDR1 



CTG TCT CAC CCA GTG CCA GCT ATA ACC ACT GCT GAT GGT 

GAA GCC AGA CAC GGT 3' 



V H - CDR2 

CAT TGT CAC TCT ACT TTT GAG AGA GGG GTT GTA GTT AGT 
GAT ACC ACT GTA CTG TAT GTA TCC AAT CCA CTC 3' 



VH - CPR3 

5' GCC TTG ACC CCA GAC ATC GAA GTA CCA GTG GTA ATC 
ATA GTC TTC TCT TGC ACA ATA 3' 
Fig. 14. Oligonucleotides for the CDR exchange mutagenesis. The bases originated from 
the BW431/26 sequence and the codon for Phe-27 in V H are printed in bold letters. 



larger percentage of recombinant clones with all three CDRs mounted in a 
single step (5-20%), as compared with classical M13 mutagenesis. 13 The 
template for mutagenesis of the V H gene is the human myeloma protein 
NEW and for the V L gene it is human myeloma protein REI, or any 
CDR-grafted version of these genes. We used the humanized versions 
containing the CDR regions of the anti-lysozyme MAb D1.3 27 (Fig. 15a 
andb). 

27 M. Verhoeyen, C. Milstein, and G. Winter, Science 239, 1 534 (1988). 



a 

10 30 50 

adSdlatgaatatgcaaatcctgctcatgaatatgcaaatcctctgaatctacatggta 
Hind 3 

"70 90 110 , 

aatatagg^ttgtctataccacaaacagaaaaacatgagatcacagttctctctacagtt 



130 150 170 

MGWSCIILFLVAT 
actgagcacacaggacctcaccATGGGATGGAGCTGTATCATCCTCTTCTTGGTAGCAAC 



190 210 230 

A T 

AGCTACAggtaaggggctcacagtagcaggcttgaggtctggacatatatatgggtgaca 



250 270 290 

GVHSQVQLQE 
atgacatccactttgcctttctctccacaggtgtccactcccaggtccaactacaagaga 

Pst 1 

310 330 350 

SGPGLVRPSQTLSLTCTVSG 
gcggtccaggtcttgtgagacctagccagaccctgagcctgacctgcaccgtgtctggca 



370 390 410 

STF SGYGVNWVRQPPGRGLE 
gcac c 1 1 cagcGGCTATGGTGTAAAC t gggtgagacagc cacct ggacgaggt ct t gagt 



430 450 470 

WIGMIWGDGNTDYNSALKSR 
ggattggaaTGATTTGGGGTGATGGAAACACAGACTATAATTCAGCTCTCAAATCCagag 



490 ' 510 530 

VTMLVDTSKNQFSLRLSSVT 
tgacaatgctggtagacaccagcaagaaccagttcagcctgagactcagcagcgtgacag 



550 570 590 

AADTAVY YCARERDYRLDYW 
ccgccgacaccgcggtctat'tattgtgcaagaGAGAGAGATTATAGGCTTGACTACtggg 



610 630 650 

GQGSLVTVSS 

gtcaaggcagcctcgtcacagtctcctcaggtgagtccttacaacctctctcttctattc 



670 690 710 

age 1 1 aaa c aga z t c t ac t gca 1 1 1 gt t gggggggaa a t gt gt gt a t c t gaa 1 1 1 caggt 

730 750 770 

catgaaggactagggacaccttgggagtcagaaagggtcattgggagccgtggctgatgc 

790 810 830 

agacagacatcctcagctcccagacctcatggccagagatttatagggatCC 

BamHl 

Fig. 15. Nucleotide sequences of the (a) acceptor V H (anti-Lys-24) arid (b) V K gene 
(anti-Lys-18) segments of the pMc vectors used for CDR exchange mutagenesis. The amino 
acid sequences are printed in single-letter code on top of the central base of a triplet The 
CDR regions are given in capital letters. 



I 



50 

latcctctgaatctacatggta 
110 

jaccacagttctctctacagtt 



170 

IILFLVAT 
TCATCCTCTTCTTGGTAGCAAC 



230 

ctggacatatatatgggtgaca 



290 

S Q V Q L Q E 
•.tcccaggtccaactscaagaga 
Pst 1 

350 

L T C T V S G 
:ctgacctgcaccgtgtctggca 



410 

P P G R G L E 
jccacctggacgaggtcttgagt 

470 

N S A L K S R 
rAATTCAGCTCTCAAATCCagag 



530 

L R L S S V T 
cctgagactcagcagcgtgacag 

590 

D Y R h D Y W 
AGATTATAGGCTTGACTACtggg 
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10 30 50 

aagcLtatgaatatgcaaatcctctgaatctacatggtaaatataggtttgtctatacca 
Hind 3 

70 90 110 

caaacagaaaaacatgagatcacagttctctctacagttactgagcacacaggacctcac 

130 150 170 

MGWSCI ILFLVATAT 
cATGGGATGGAGCTGTATCATCCTCTTCTTGGTAGCAACAGCTACAggtaaggggctcac 

190 210 230 

agtagcaggcttgaggtctggacatatatatgggtgacaatgacatccactttgcctttc 

250 270 290 

GVHSDIQMTQSPSSLSA 
tctccacaggtgtccactccgacatccagatgacccagagcccaagcagcctgagcgcca • 

310 330 350 

SVGDRVTITCRASGNIHNYL 
gcgtgggtgacagagtgaccatcacctgtAGAGCCAGCGGTAACATCCACAACTACCTGG 

370 390 410 

AWYQQKPGKAPKLLIYYTTT 
CTt ggt accagcagaagccaggtaaggc t ccaaagc tgc t gat ctacTACACCACCACCC 

430 450 470 

LADGVPSRFSGSGSGTDFTF 
TGGCTGACggtgtgccaagcagattcagcggtagcggtagcggtaccgacttcaccttca 

490 510 530 

TISSLQPEDIATYYCQHFWS 
ccatcagcagcctccagccagaggacatcgccacctactactgcCAGCACTTCTGGAGCA 

550 570 590 

TPRTFGQGTKVEIKR 
CCCCAAGGACGttcggccaagggaccaaggtggaaatcaaacgtgagtagaatttaaact 

610 

t t get t cct cagt taaatcc 
BamHl 



Fig. 15b. 



650 



:cttacaacctctctcttctattc 



710 

:atgtgtgtatctgaatttcaggt 
770 

jtcattgggagccgtggctgatgc 



830 

igatttatagggatcc 
BamHl 



rtor V H (anti-Lys-24) and (b) V K gene 
COR exchange mutagenesis. The amino 
top of the central base of a triplet. The 



Preparation of Template and Gapped Duplex DNA 

The human V genes were cloned into the HindHL and BamHl sites of 
modified pMc and pMa phasmids. In order to use the mutagenic oligonu- 
cleotides as designed, the polylinkers of pMa/c had to be inverted. 

For the preparation of template DNA and gapped duplex DNA we 
follow the protocol described in Ref. 26. The single-stranded DNA 
(ssDNA) is prepared from the pMc version of the vector. The double- 
stranded DNA (dsDNA) is prepared from the pMa version using the 
restriction enzymes Xbal and EcoKL to release the V gene insert from the 
vector. 
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Mutagenesis 

The gdDNA is used as template for the site-specific mutagenesis to 
exchange the CDR regions. Usually we try to exchange all three CDRs in 
one round of mutagenesis. A typical experiment is as follows. 

Generation of gdDNA. ssDNA (0.5 pAf: 770 ng for V L and 805 ng for 
V H ) is mixed with 0.1 pM dsDNA (EcoRl/Xbal cut) + 5 fA 1.5 MKC1 in 
100 mM Tris, pH 7.5, + H 2 0 to 40 fil Incubate at 100° for 4 min and 
then at 65° for 10 min in water baths. Use 8 fA for gel analysis. 

Annealing and Polymerase Reaction. To 8 fA of gdDNA, add 3 fA of 
each mutagenic oligonucleotide ( 10 fiM/ml, kinased). Incubate at 68° for 5 
min and at room temperature for 15 min. Add the following: 

Fill-in buffer (10X): 500 mM NaCl, 100 mAf Tris-HCl, pH 7.5, 100 mM 

MgCl 2 , 10 mMDTT, 10 mM dNTPs; 4 fA 
T4 ligase (2U), 2 fA 
Klenow polymerase (2.5 U), 0.5 fA 
H 2 0 to 40 fA 

Incubate at room temperature for 45 min. 

Selection and Screening for Mutants. Transform 5 fA of the reaction 
mixture into WK6mutS 28 bacteria and plate aliquots on IX YT 29 (yeast 
Tryptone)-Amp plates (200/ig/ml ampicillin) and YT-chloramphenicol 
plates (30/ig/ml chloramphenicol) to determine the efficiency of transfor- 
mation. The remaining transformation mixture is used to inoculate 10 ml 
LB 29 (Luria-Bertani) medium (200 //g/ml ampicillin). Bacteria are grown 
overnight to allow segregation of strands. Plasmid DNA is isolated 29 and 
used to transform WK6 bacteria 28 selecting for Amp resistance (200 fig/ml 
ampicillin). 

The resulting colonies are screened with the CDR3 oligonucleotides 
described in Fig. 4 using standard colony hybridization methods. 29 From 
the colonies hybridizing with the probe, 1.5-ml cultures are grown (YT, 
200 //g/ml ampicillin), DNA is prepared and the nucleotide sequence de- 
termined using the V H and V L gene sequencing oligonucleotides (Fig. 4). 
Five to 20% of the clones hybridizing with the CDR3 mutagenic oligonu- 
cleotide have all three CDRs placed properly. 

For antibody BW431/26 the sequences of the humanized V gene ver- 
sions were confirmed (Fig. 16). 

28 R. Zell and H.-J. Fritz, EM BO J. 6, 1809 (1987). 

29 T. Maniatis, E. F. Fritsch, and J. Sambrook, "Molecular Cloning: A Laboratory Manual." 
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York, 1982. 
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70 

T C T V 



S G F T I 



BW431/26VHhum 

10 30 50 

QVQLQESGPGLVRPSQTLSL 
caggtccaactgcaggagagcggtccaggtcttgtgagacctagccagaccctgagcctg 

90 no 

SSGYSWHWVRQ 

acctgcaccgtgtctggcTTCaccATCagcAGTGGTTATAGCTGGCACtgggtgagacag 

130 150 170 

PPGRGLEWIGYIQYSGITNY 
ccacctggacgaggtcttgagtggattggaTACATACAGTACAGTGGTATCACTAACTAC • 

190 210 230 

NPSLKSRVTMLVDTSKNQFS 
AACCCCTCTCTCAAAAGTagagtgacaatgctggtagacaccagcaagaaccagttcagc 

250 270 290 

LRLSSVTAADTAVYYCARED 
ctgagactcagcagcgtgacagccgccgacaccgcggtctattattgtgcaagaGAAGAC 

310 330 350 

YDYHWYFDVWGQGSLVTVTV 
TATC^TTACCACTGGTACTTCGATGTCtggggtcaaggcagcctcgtcacagtcacagtc 



BW431/26VKhum 

10 30 50 

GVHSDIQMTQSPSSLSASVG 
ggtgtccactccgacatccagatgacccagagcccaagcagcctgagcgccagcgtgggt 

? 0 90 no 

DRVTITCSTSSSVSYMHWYQ 
gacagagt gacca t ca cc t gt AGTACCAGCTCGAGTGTAAGTTACATGCAC t ggt ac cag 

130 

Q K p G K A P 



150 170 
KLLIYSTSNLASG 
cagaagccaggtaaggctccaaagctgctgatctacAGCACATCCAACCTGGCTTCTggt 



230 



190 210 
VPSRFSGSGSGTDFTFTIS S 
gtgccaagcagattcagcggtagcggtagcggtaccgacttcaccttcaccatcagcagc 

250 270 290 

LQPEDIATYYCHQWSSYPTF 
ctccagccagaggacatcgccacctactactgcCATCAGTGGAGTAGTTATCCCACGttc 

310 330 
GQGTKVEIKR 
ggccaagggaccaaggtggaaatcaaacgt 

Fig. 16. Nucleotide sequences of the humanized V H (top) and V K (bottom) of MAb 
BW43 1/26. The sequences start with the codon for the first amino acids of the mature heavy 
and light chains. The human framework sequences are printed in lower-case letters while the 
murine CDR sequences and the murine framework sequences that have been transferred to 
the human V genes are printed in capital letters. The amino acids are given in the single-letter 
code and are printed on top of the first base of the codon. 
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Expression of Humanized MAb 

The humanized V genes were cloned into separate eukaryotic expres- 
sion vectors that contain Ig constant-region genes for the heavy and light 
chain, respectively (Fig. 3). The resulting V H and V L expression vectors 
were subsequently transfected into BHK cells (ATCC CCL10) using the 
calcium phosphate precipitation technique with methotrexate and G418 as 
selection markers. 30 We were able to isolate clones that produce up to 
15 //g/ml antibody product in serum-free roller bottle cultures without 
prior amplification. 

Characterization of Humanized MAb 

The humanized BW431/26 binds to purified CEA and to CEA on 
tissue sections. Competition experiments with the original mouse MAb 
reveal that the affinity of the reshaped antibodies, although it has not yet 
been determined exactly, closely resembles that of the mouse MAb, which 
is approximately 1 X 10~ 10 liter/mol. 

Anti-idiotypic antibodies (anti-id) against the murine BW431/26 MAb 
were tested for their binding to the humanized version. Surprisingly, 17 out 
of 18 anti-id tested bind the humanized version as well as the mouse MAb; 
binding of one anti-id is less efficient but still detectable. This finding 
suggests a close immunological relationship between the variable domains 
of the mouse and the humanized BW43 1/26 (K. Bosslet et al t unpublished 
data, 1991). 

A comparison of the framework amino acid sequences of the donor 
(the murine MAb BW431/26) V H and V L with the acceptor V H (human 
NEW) and V L (human REI) shows a high degree of sequence similarity 
(70% for V H and 68% for V K ). The homologies are clustered in the regions 
close to the CDRs, especially in the light chain domains. Even in positions 
where the amino acid sequences differ from each other the amino acid 
exchanges are often conservative. This may have contributed to the suc- 
cessful humanization of the BW431/26 antibody. The crystal structures of 
the REI and NEW antibodies are known and we use their respective V 
regions as general acceptors for the CDRs of any murine MAb. Computer 
modeling is used for refinement to identify potential framework amino 
acids in the mouse antibody that might interact with the CDRs or directly 
with antigen and these amino acids are transferred to the human frame- 
works along with the CDRs. Using the reshaping scheme described here we 
estimate the success rate for humanizing any particular monoclonal anti- 
body to be approximately 80%. 

30 M. Wirth, J. Bode, G. Zettlmeissl, and H. Hauser, Gene 73, 4 1 9 ( 1 988). 
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Queen et a/. 31 have reshaped an antibody by selecting human acceptor 
V domains from the Kabat database to match the framework sequences of 
the murine donor V domains as closely as possible. This alternative re- 
shaping strategy raises the possibility that any human antibody framework 
can be used as acceptor for the murine CDRs. Humanization of murine 
MAbs is a technique that is now widely applied to MAbs of potential use in 
diagnosis and therapy in humans. Whether one of the reshaping schemes 
will offer any particular advantage in successful humanization of MAbs 
will become clearer as the number of reshaped antibodies increases. 
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[6] Molecular Modeling of Antibody Combining Sites 

By Andrew C. R. Martin, Janet C. Cheetham, and 
Anthony R. Rees 

Introduction 

Both the variable and constant domains of an antibody Fab consist of 
two twisted antiparallel /? sheets which form a /?-sandwich structure. The 
constant regions have three- and four-stranded fi sheets arranged in a 
Greek key-like motif, 1 while variable regions have a further two short ft 
strands producing a five-stranded /? sheet. 

The two P sheets of the variable domain are inclined at 30° to one 
another, 2 with a conserved disulfide bridge in each domain linking the two 
/? sheets. Lesk and Chothia 3 have shown the relative orientation of the two 

1 J. S. Richardson, Adv. Protein Chem. 34, 168 (1981). 

2 C Chothia and J. Janin, Proc. Natl. Acad, Sci U.SA. 78, 4146 (1981). 

3 A. M. Lesk and C. Chothia, /. Mol. Biol. 160, 325 (1982). 
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